Evaporative co-crystallization of MCl (M ¼ Na, K, Rb, Cs) with BiOCl in aqueous HCl produces double salts: M x Bi y Cl (xþ3y) $zH 2 O. The sodium salt, Na 2 BiCl 5 $5H 2 O (monoclinic P2 1 /c, a ¼ 8.6983(7) Å, 
Introduction
Bismuth compounds have begun attracting increased attention in environmental applications [1e4] . Bismuth(III) is not regarded as toxic, a surprising fact given its placement in the periodic table amongst toxic heavy metals such as Hg, Tl, and Pb. Bi(III) ions offer potential environmental benefits as a result of their aqueous photochemistry. Solid Bi(III)-containing catalysts have been shown to form electronic holes when irradiated with near-UV or even visible photons. These holes result in the formation of radicals such as OH and O 2 À in solution [5, 6] . These radicals can, in turn, enable the destruction of organic pollutants through hydrogen atom abstraction. Radical formation is a surface-based solid state process, often using water-insoluble compounds such as BiOX (X ¼ Cl, Br, I), which have relatively low-energy band gaps [7e9]. However, under acidic conditions, the BiO þ ion is unstable toward hydrolysis.
Therefore, we undertook an investigation of the double salts that are formed when aqueous Bi(III) reacts with alkali cations in the presence of chloride. To date, the structural reports of alkali(I)/bismuth(III) chloride double salts that have appeared in the literature are fairly limited. Double salts having formulas Li 2 BiCl 5 $6H 2 O, Na 2 BiCl 5 $4H 2 O, K 2 BiCl 5 $3H 2 O were reported back in the 1960s [10, 11] . However, no structural data were given for any of these species. Since then structures have been reported for Cs 2 NaBiCl 6 [12, 13] [15] , and Cs 3 Bi 2 Cl 9 , the latter having been identified in two phases: orthorhombic [16, 17] and hexagonal [17] . An ammonium double salt, (NH 4 ) 3 BiCl 6 , has also been structurally described [18] . There are also numerous structural reports of tetraalkylammonium, pyridinium, and related chlorobismuthates(III) in the literature [19e28] . These studies reveal a remarkable array of chlorobismuthate(III) structural types in which Bi(III) is always in octahedral coordination, but with varying degrees of Cl bridging. These structural types include isolated monomeric, dimeric, tetrameric, and polymeric chlorobismuthate(III) anions (Chart 1).
Herein we report the results of double salt crystallization studies of BiOCl in aqueous HCl with MCl (M ¼ Na, K, Rb, Cs) in water. The resulting double salt crystals, which are no longer water soluble, exhibit various structural types and show low temperature photoluminescence.
Materials and methods

Reagents
BiOCl and alkali chlorides from Acros and Fisher Chemicals, and were used as received.
Methods
Atomic absorption spectroscopy was carried out using a PerkineElmer AAnalyst 700 instrument in the flame mode at 223.1 nm. Samples were diluted in 5% HCl to a range of 5.00e25.0 ppm Bi. Thermogravimetric analyses (TGA) were conducted using a TA Instruments Q500 in the dynamic (variable temp.) mode with a maximum heating rate of 50 C/min. to 800 C under 60 mL/min. N 2 flow.
Syntheses
Na 2 BiCl 5 $5H 2 O, 1. BiOCl (260 mg, 1.00 mmol) was dissolved in 4.0 mL of conc. HCl. NaCl (117 mg, 2.00 mmol) was dissolved in 4 mL of deionized water. The BiOCl solution was filtered to remove traces of Bi 2 O 3 , and then was added drop-wise into the NaCl solution, producing a clear, colorless solution. The solution was allowed to partially evaporate over two days in a Petri dish. Clear Cs 3 BiCl 6 , 4. BiOCl (260.4 mg, 1.000 mmol) was dissolved in 4.0 mL of conc. HCl, and CsCl (505 mg, 3.00 mmol) was dissolved in 4.0 mL deionized water. The BiOCl solution was filtered and then added drop-wise into the CsCl solution forming a white precipitate in a colorless solution. After centrifugation, the supernatant was discarded. The precipitate was then dissolved in 8.0 mL of 50% HCl with heating. The resulting clear solution was placed warm in a sealed vial. Colorless plate crystals formed during cooling, first to Table 1 Crystal and structure refinement data. 
X-ray crystallography
All crystals were mounted on glass fibers. All measurements were made using graphite-monochromated Mo Ka radiation on a Bruker-AXS three-circle diffractometer, equipped with a SMART Apex II CCD detector. Relatively small crystals were used in all cases to help lessen absorption effects. Initial space group determination was based on a matrix consisting of 120 frames. The data were reduced using SAINTþ [29] , and empirical absorption correction applied using SADABS [30] .
Structures were solved using intrinsic phasing. Least-squares refinement for all structures was carried out on F
2
. The nonhydrogen atoms were refined anisotropically. Water hydrogen atoms were located in the difference map and then fixed in riding positions and refined isotropically. Structure solution, refinement, and the calculation of derived results were performed using the SHELXTL package of computer programs [31] and ShelXle [32] . Details of the X-ray experiments and crystal data are summarized in Table 1 . Selected bond lengths and bond angles are given in Table 2 .
Steady state luminescence measurements
Steady-state luminescence scans were run at 77 K. No luminescence was observed at 298 K. Spectra were taken with a Model Quantamaster-1046 photoluminescence spectrometer from Photon Technology International using a 75 W xenon arc lamp combined with two excitation monochromators and one emission monochromator. A photomultiplier tube at 800 V was used as the emission detector. The samples were mounted on a copper plate using non-emitting copper-dust high vacuum grease and done under dry N 2 conditions. All scans were run under vacuum using a Janis ST-100 optical cryostat. Low temperature scans used liquid nitrogen as coolant. 
Clear, colorless solutions form immediately upon combination of the two solutions for M ¼ Li, Na, K, Rb. In the case of Cs, the solid that is formed can be dissolved by gently heating the suspension. Slow evaporation of the aqueous mixtures for M ¼ Na, K, Rb produces large colorless or nearly colorless crystals of a single habit in each case. X-ray diffraction proved these products to be Na 2 BiCl 5 $5H 2 O (1), K 7 Bi 3 Cl 16 (2) , and Rb 3 BiCl 6 $0.5H 2 O (3). Once the favored product stoichiometries were established, new crystallization experiments were carried out using the favored MCl:BiOCl ratios. In the case of M ¼ K, use of the product KCl:BiOCl ¼ 7:3 ratio afforded the desired diamond-shaped 2 blocks; however, large polyhedral KCl crystals were also formed. In order to overcome this difficulty, the reaction was carried out using a 1:1 ratio of KCl and BiOCl.
In the case of Cs, simple evaporation of the aqueous solution yielded colorless crystals of two habits: long blades and hexagonal blocks. Nevertheless, careful control of stoichiometry and slow cooling without evaporation allowed for isolation of the two compounds independently. These crystals proved to be Cs 3 BiCl 6 (4, plates) and Cs 3 Bi 2 Cl 9 (5, blocks) by X-ray diffraction. In all cases, bismuth analysis by AAS confirmed the expected Bi content values. The LiCleBiCl 3 product required solution crystallization in a desiccator over Drierite. However, all efforts to isolate the resulting long, colorless prism crystals for X-ray diffraction or other analysis were thwarted by nearly immediate deliquescence of the crystals, resulting in their self-dissolving. ) and the structure is rather complicated. Bismuth atom Bi1 is fully independent, and pairs of these atoms form (Bi 2 Cl 10 ) 4e edge-sharing pairs of octahedra (see independent) are each found in KCl 6 trigonal prismatic geometry. K5 (fully independent) forms KCl 6 as a capped square pyramid. Atom K2 (1/2 independent) forms KCl 7 as a capped trigonal prism, while K4 (fully independent) forms KCl 8 as a square antiprism. Chlorine atom Cl1 (1/2 independent) forms a trigonal planar KBi 2 Cl unit, while Cl3 and Cl6 (both fully independent) forms planar Tshaped and trigonal K 2 BiCl units. Chlorine Cl7 (fully independent) forms a see-saw K 3 BiCl unit. Chlorines Cl2, Cl4, and Cl9 (all fully independent) form K 4 BiCl square pyramids with apical Bi in the case of Cl2 and Cl4 and apical K in the case of Cl9 Fig. 2 . The rubidium double salt Rb 3 BiCl 6 $0.5H 2 O (3) crystallizes in the centrosymmetric orthorhombic space group Pnma. It is isomorphic with (NH 4 ) 3 BiCl 6 , a double salt which differs from 3 in its lack of water [18] . It is composed of two half-independent Bi(III) ions (Bi1 lies on a mirror plane and Bi2 on an inversion center), both of which are in octahedral coordination. These (BiCl 6 ) 3e octahedra are isolated from one another. The cis-ClÀBieCl bond angles are in the range 84.79 (7) (4) . It crystallized in the centrosymmetric orthorhombic space group Pbcm. Structurally, it is relatively similar in structure to 3, and numerous other such double salts, having isolated (BiCl 6 ) 3e octahedra. However, it lacks any water of hydration. As with the RbeBi salt, both half-independent Bi(III) ions are located in isolated (BiCl 6 ) 3e octahedra. The cis-ClÀBieCl bond angles are in the range 83.95 (7) The more bismuth-rich of the two CsCleBiCl 3 double salts proved to be Cs 3 Bi 2 Cl 9 (5). This is a known structure [16] which was re-determined here at 100 K with only modest contraction of the unit cell noted. A high temperature polymorph is also known [17] . Compound 5 crystallizes in the centrosymmetric orthorhombic space group Pnma (having been previously reported in the nonstandard setting Pmcn). Compound 5 is a member of a wellknown group of A 3 M 2 X 9 compounds in which the A ion is typically a monovalent cation and X is typically a halide ion [33] . These compounds show near close packing of the A and X ions. The trivalent M cations occupy 2/3 of the octahedral holes. Thus, the A 3 M 2 X 9 structure is a defective variant of the Perovskite arrangement with one third of the octahedral sites remaining vacant: Cs [Bi 2/3 B 1/3 Cl 3 ] (B ¼ vacant site).
Structural descriptions
For compound 5, as with 3 and 4, two half-independent Bi(III) ions are present, both of which sit on mirror planes in this case. However, the present case the octahedra are linked. At each Bi fac trios of m 2 -Cl produce corner-sharing of octahedra, forming (Bi 2 Cl 9 ) n 3ne zigzag ladders (see Chart 1). The pairs of zigzag chains in the ladders are related to the single-strand zigzag chains seen in 1; however, the Bi1eCl2eBi2 angle along the chain and the Bi1eCl3eBi2 angle that creates the pairs of octahedra are more linear in this case: 176.58 (12) and 174.00 (17) , respectively. The cisClÀBieCl bond angles are in the range 82.69(12)e98.27 (13) . All three cesium atoms are half-independent, and each shows 12-coordination CsCl 12 in quasi-closed packed arrangement. The CseCl bonds are generally rather long: 3.600(3)À3.901(4) Å. The resulting regular cuboctahedra share corners and square faces. Half independent Cl1 is located on a 2 1 screw axis and is found in see-saw geometry with coordination sphere of Cs 3 BiCl. Atoms Cl2 and Cl3 (which is half-independent being found on a mirror plane) are in a trans-Cs 4 Bi 2 Cl octahedral coordination spheres. Atoms Cl4, Cl5 (which is half-independent being located on a mirror plane), and Cl6 are in Cs 4 BiCl square pyramid geometries with apical cesium for Cl4 and apical Bi for Cl5 and Cl6 Fig. 5 .
Photophysical results
Spectroscopic analysis results show weakly luminescent behavior at 78 K for four of the five compounds reported herein (1, 2, 3, and 5). Each shows prominent excitation peaks near 295 nm, 340 nm, and 380 nm (Tables 3 and 4 and see Fig. 6 ). In the case of Cs 3 Bi 2 Cl 9 , 5, the excitation peak at 295 nm becomes more pronounced as the sample is cooled from 298 K to 78 K. But, otherwise, the excitation peaks remained fixed in wavelength despite variations amongst the four double salts. This lack of variation in excitation suggests that energy absorption is strictly associated with the chlorobismuthate(III) anions, with little difference between cluster type, and no contribution from the cations.
Emission intensity for the bismuth chloride double salts was generally weak, with Na þ , K þ , and Rb þ compounds 1, 2, and 3 each producing a single emission peak centered at approximately 430e450 nm. Interestingly, the emission spectrum for compound 5 revealed more detail, showing distinct emission peaks at 424 nm, 448 nm, and 481 nm. No such fine structure was observed with any of the other species. Vibrational relaxation from the lowest excited electronic state to the ground state can explain the single emission peak seen in compounds 1, 2, and 3. For compound 5 a transition of 5c / 5a 0 , 5b 0 , 5c 0 can be assigned to progression in vibrational modes with an average of 1400 cm À1 (see Table 4 ). The cesium compound Cs 3 BiCl 6 , 4 was non-luminescent. Excitation luminescence in the double salts reported herein agree with previous work by Pelle et al. who report three absorption bands for Cs 2 NaBiCl 6 crystals [34, 35] . These absorption bands are generally understood to arise from unique octahedral coordination of bismuth chloride clusters [35] . These peaks are assigned to the electronic transition from the antibonding HOMO consisting of the Bi 6s and Cl 3s and 3p to the LUMO composed of the strictly Bi 6p and Cl 3s [34] . Due to the low energy of the Cs 5p and Bi 5d states, it is generally understood that these play little role in electronic transitions [34] . Studies in BiOCl systems offer further support for observed excitation spectra. These systems have also been reported to consist of a HOMO comprised of Cl 3p and a LUMO composed of Bi 6p [36, 37] . The resulting charge transfer occurs across an indirect band gap.
Studies on BiOCl cite packing of the crystal lattice as important with respect to electron excitation due to the nonbinding interaction between the HOMO and LUMO [36, 37] . The open packing of BiOCl has been credited with the success of long-lived electron-hole separation [37] . This conclusion is supported in studies on Cs 2 NaBiCl 6 in which thermal motion of cesium ions can lead to crystal instability [38] . Thermal instability may explain the lack of luminescence seen in 4, which has a relatively high cesium content. Close association of cesium ions with the bismuth chloride clusters is supportive of the pathway proposed (5) appears to have no influence on the luminescence results in these double salts.
Conclusions
The series of alkali(I)-bismuth(III) chloride double salts, M x Bi y Cl (xþ3y) $zH 2 O, have been prepared from water for M ¼ Na, K, Rb, and Cs. For M ¼ Li the double salt was highly deliquescent and so the double salt was not isolated. In the four double salts analyzed, network structures were formed as a result of chloride bridging between (BiCl 6 ) 3e octahedra and M þ ions. Sodium salt octahedra that form zigzag (Bi 2 Cl 9 ) 3ne ladders via cis pairwise corner-sharing. The similarity of the luminescence spectra of complexes 1, 2, 3, and 5 suggest that the photophysical behaviors of these double salts are essentially identical. Cesium complex 4 shows no luminescence behavior. Charge transfer excitation with facile nonemissive lattice-based relaxation pathways are implicated in these findings.
